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Introduction 1
Prestack reverse time migration (RTM) is usually regarded as an accurate imaging 2 tool and has been widely used in exploration. RTM is often implemented as an adjoint 3 operator (Claerbout, 1992) , which produces images of insufficient quality. 4 Least-squares migration (LSM) can significantly improve the imaging quality, 5 including suppressing migration artifacts, removing the acquisition footprint, 6 balancing source illumination and enhancing resolution. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 4 scheme to estimate the "relative impedance perturbation", assuming the velocity and density. Because our scheme aims to improve the quality of stacked image rather than 4 angle domain common image gather (Kuehl and Sacchi, 2002) , we replace the 5 impedance perturbation with normal incidence reflection coefficient and the 6 reflectivity defined here is related to the normal-incident reflection coefficient model 7 (Claerbout, 1992) . In this paper, we find that although the reflected waves are 8 generated at the impedance discontinuities, our inversion result is less dependent on 9 the background density model. Only a kinematically correct background migration 10 velocity is required in our inversion process. In this paper, "kinematically correct" 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 5
Methodology

1
The LSRTM scheme mainly consists of a forward operator, its adjoint operator 2 and a linearized inversion method. In this section, we first formulate the forward 3 operator, RTDM, in which the reflectivity is related to the normal-incident reflection 4 coefficient; then, we give the expression of the corresponding adjoint operator, RTM; 5 finally, we briefly review the linearized inversion. In the time domain, the acoustic wave equation is 
16
Then, the zero-order and first-order approximation equations, obtained from Eq. (1),
17
can be respectively expressed as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 
12
The LSRTM is proposed here to improve the imaging quality of the stacked image 13 rather than angle-domain common imaging gathers. As shown in Appendix A, 14 assuming the background density is continuous, we prove that Eqs. (4) and (5) 
The reflectivity model defined here is ( ) ( ) ( ) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 8 energy is enhanced (Beylkin et al., 1985) , and it is reasonable to approximate the To minimize ( ) F m in Eq. (9), we pursue the negative direction of the gradient
where T L denotes the adjoint of the forward modeling operator (Claerbout, 1992) 16 describing the migration system (7), − Lm d denotes the residuals between predicted 17 data and observed data. Then, the inverted reflectivity can be approached by migrating 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 9 3. Numerical implementation 1 The proposed scheme that handles least-squares imaging can be performed as 2) Backward propagate the residuals between the observed data and the 5 demigrated data to cross-correlate with the source wavefield. 3) Stack the migration results over shots to produce a gradient. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t length of 100 m to blur the subtle details of true velocity. Fig. 3a depicts the true 1 reflectivity related to the normal-incidence reflection-coefficient model and the 2 background velocity.
3
After 20 iterations, we obtain the inverted LSRTM image in Fig. 3c . Compared to 4 the conventional migration image in Fig. 3b , the amplitude of the reflectors are 5 balanced, and the imaging resolution is enhanced. The demigrated data at the shot 6 location of 3 km from the final inverted image is shown in Fig. 2b . We observe that the 7 demigrated data approaches the synthetic data well.
8
In Fig. 3 , we compare the initial stacked RTM image in Fig. 3b with the inverted 9 LSRTM image after 20 iterations in Fig. 3c . Obviously, because least-squares solution 10 implicitly aims to seek the inverse operator rather than the adjoint operator, LSRTM
11
can gradually suppress the side lobes of RTM to achieve a high-resolution 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 11 reflectivity.This implies that our LSRTM is also a useful tool to compute the 1 reflectivity, which may help interpreters to characterize the reservoirs on the stack 2 image. Moreover, we demonstrate that although the reflected waves are produced at 3 impedance discontinuities, it is reasonable to estimate the normal-incident reflection 
Field data example
10
In the final example, we validate our method on a subset of a field data set from 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t evaluate this velocity model, we apply the target migration and produce the common 1 image gather (CIGs) at selected location prior to least-squares migration. The gather 2 flatness (Fig. 7) demonstrates that the quality of the velocity reaches the requirement practice, due to the size of real scale production problems, we can only afford a 10 handful of iterations to conduct inversion. Therefore, an early stop in the iterations 11 could compromise the final result, so we stop the inversion at iteration 7.
12
After 7 iterations, we obtain the inverted LSRTM image shown in Fig. 9b .
13
Compared to the conventional RTM image in Fig. 9a , the amplitude of the reflectors 14 are balanced and events become more outstanding for interpretation. The demigrated 15 data at a shot location from the final inverted image is shown in Fig. 8b . We observed 16 that the demigrated data approaches the observed data in Fig. 8a well. Fig. 10 shows 17 data residual evolution with iterations. Overall, the inverted image using our approach 18 is amplitude balanced with improved continuity and resolution. 
Conclusions
21
LSRTM is an effective technique for improving the imaging quality of RTM. In this 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 13 paper, we find that the inverted high-wavenumber image approaches the reflectivity.
1
The stacked inverted image is closely related to the normal-incident reflection 2 coefficient model. Moreover, assuming the background density being continuous and 3 varying more gradually, and that does not contribute too much to the reflectivity 4 inversion, we demonstrate that although the reflected waves are generated at 5 impedance discontinuities, only an accurate migration velocity model is required in 6 our reflectivity inversion. Our work introduced a small incident-angle assumption that 7 replaces the impedance perturbation with normal incidence reflection coefficient. The 8 drawback of doing this is that we cannot produce an amplitude-preserved ADCIG as Zhang's work due to the limitation of our derivation. Two numerical experiments 10 including one real data test have validated our scheme. The scheme provides a higher 11 resolution image with more accurate amplitudes on the stack section. 
Assuming the background density position R x can be expressed as
, ; , ; , ; , ;
(A-4)
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Here, the reflectivity related to the normal-incident reflection coefficient is defined as
(A-14) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 
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According to the dot 3 product test (Claerbout, 1992) , for a function ( )
Eq. (A-13) can be written as
, ; 
, ;
Finally, the transpose operator, reverse-time migration system, can be written as 
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